Abstract-Understanding how humans recognize face sketches drawn by artists is of significant value to both criminal investigators and researchers in computer vision, face biometrics and cognitive psychology. However, large scale experimental studies of hand-drawn face sketches are still very limited in terms of the number of artists, the number of sketches, and the number of human evaluators involved. In this paper, we reported the results of a series of psychological experiments in which 406 volunteers were asked to recognize 250 sketches drawn by 5 different artists. The primary findings are: (i) Sketch quality (artist factor) has a significant effect on human performance. Inter-artist variation as measured by the mean recognition rate can be as high as 31%; (ii) Participants showed a higher tendency to match multiple sketches to one photo than to second-guess their answers. The multi-match ratio seems correlated to the recognition rate, while second-guessing had no significant effect on human performance; (iii) For certain highly recognized faces, their rankings were very consistent using three measuring parameters: recognition rate, multi-match ratio, and secondguess ratio, suggesting that the three parameters could provide valuable information to quantify facial distinctiveness.
INTRODUCTION
Face sketching has been used in criminal investigations since the late 19th century, and continues to be an important forensic technique for law enforcement agencies today [1, 2] . In many cases when other forensic evidences are not available, constructing a face sketch is the last resort to solve a crime. Despite its success and popularity, face sketching is known to have large uncertainties, which in the worse scenario could lead to the false conviction of innocent people [3] .
One source of uncertainties is that, in a typical criminal investigation, sketches were almost always identified by humans. In comparison to algorithm based face recognition where variables can be somewhat controlled, the study of sketch recognition by humans is far more challenging because a person's cognitive process is subjective to a variety of factors. For example, human performance can be affected by the exposure time to a face, the distinctiveness of a face, the number of sketches used in a test, the emotion and motivation of a participant, the diversity of perception ability of a population, and the quality of sketches. Therefore, to gain a thorough understanding of how humans identify a subject from sketches demands psychological experiments of a larger sample set, in terms of both the numbers of sketches and participants, upon which statistically meaningful conclusions can be inferred.
In cognitive psychology, multi-choice test has been used to study the uncertainties and indecisiveness in decision making strategies [4, 5] . In sketch recognition tests, when given multiple sketches, volunteers showed their hesitation in the form of multi-match or second-guess. We are particularly interested in three issues: (i) Baseline analysis of the overall performance of all participants; (ii) Analysis of participants who did multi-match, and whether their cognitive behaviors reveal more information about facial distinctiveness; (iii) Analysis of volunteers who did second-guess. Linking those cognitive measures to facial distinctiveness is appealing, because distinctive features could be critical for a correct identification given a short exposure time.
To our knowledge, this is the first work that used a large number of volunteers to recognize hundreds of sketches drawn by different artists. Other than its apparent value to forensic research, this study has strong implications to automatic face recognition. As pointed out in [6] , "An understanding of human visual processes involved in face recognition can facilitate and, in turn be facilitated by, better computational models".
II. RELATED WORKS
Face sketch recognition is primarily studied in two communities: computer vision and cognitive psychology (in connection with law and forensic science). We provide a brief review of several most relevant papers and refer readers to [7, 8, 9, 10, 11, 12] for more comprehensive discussions on face perception and recognition.
In computer vision, the research focus is on developing efficient algorithms that search a sketch in a photograph database. Searching was often facilitated by pre-processing methods that bring sketches closer to photos in a projected space [13] . Tang and Wang [14] developed a more sophisticated transformation function based on the eigenface method that largely enhanced the similarity between sketches and photos. This was a significant step because the intensity disparity between sketches and photos could cause serious problems to algorithms. More recently, they utilized a multiscale Markov Random Fields model to synthesize a sketch from a photo or vice versa, so that sketch-photo matching can be done in a straightforward manner [15] . Another study of using a mug-shot database has shown that both local and global features could improve the searching accuracy [16] .
In cognitive psychology, efforts have been made to building computerized face composite systems. Frowd et al. [17] integrated holistic features into a system based on the psychological parameters. They compared the performances of commonly used composite systems and found that a welltrained police artist was superior to software kits [18, 19, 20] . Another finding is that facial distinctiveness played an important role in composite matching. Quantifying facial distinctiveness is a promising direction, though designing an objective rating methodology could be challenging. Ideally, a robust distinctiveness rating system should incorporate the performance measures of both algorithms and humans, because human vision may be better equipped to recognize "difficult faces", while algorithms are more efficient in handling a large number of "average" faces [21, 22] .
III. SKETCH DATASET
A dataset of 250 hand-drawn sketches was used in the experiments. First, frontal-view face images of 50 subjects were randomly selected from a database, all with a neutral expression. The grayscale images were then printed on white papers (photographs). An artist drew a sketch by looking at a photograph. Depending on the drawing style of an artist, a sketch took 30 to 60 minutes to complete. Five artists (a professors and students of art at a university) participated in the project. All artists received special instructions on how to draw forensically relevant sketches in a workshop given by a trained police artist. Each artist drew 50 sketches, one for each of the 50 subjects. Examples of a photo and sketches are shown in Figure 1 .
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IV. EXPERIMENTS AND METHODS

A. Volunteers
A total of 406 volunteers participated in the tests. The volunteers were primarily college students who were taking an introductory psychology course at the time of study. The majority of students were freshmen or sophomores. They represented a wide range of education backgrounds as reflected in their majors, including those in College of Liberal Arts and Social Sciences, College of Science, Technology, Engineering, and Mathematics, College of Education and Business School. Therefore, the volunteers' performance can be considered representative of a much larger population.
B. Experiment Design and Protocol
The experiments were carried out in three separate sessions. The first session had 61 volunteers, the second session had 184 volunteers, and the third session had 161 volunteers. Prior to each session, a researcher explained the nature and scope of the experiments as well as the risk and benefits of participating in the study. All participants signed an IRB (Institutional Review Board) approved consent form.
During each session, a volunteer was given two papers: (1) A reference sheet (50 photos in the first session and 25 photos in the second and third sessions, with each photo corresponding to a different person); (2) An answer sheet (50 sketches in the first session and 25 sketches in the second and third sessions, with each sketch corresponding to a different person). The reference and answer sheets contain the photos and sketches of the same 25 or 50 persons, but with their positions randomized. Examples of reference/answer sheets were given in Figure 2 . The sketches in an answer sheet were drawn by the same artist. For each sketch, participants were asked to find a match in the photo sheet. Two special cases were considered: multiplematch and second-guess. A sketch can be matched to multiple photos and vice versa. If a participant found a better match, he or she should mark the original photo ID on the answer sheet and write down a new ID. This tells us which match was a result of second-guess.
Since the first session had twice number of photos and sketches (50) than the second and third sessions had (25) , it took the participants of the first session 30-60 minutes to finish the test, while the participants of the second and third sessions were able to complete the task in less than 20 minutes. To minimize the impact of fatigue and loss of concentration, light refreshments were provided in the first session. Information of the volunteers and test conditions were summarized in Table I . 
C. Evaluation Methods
The results of each session were tabulated into a 2D score matrix, with each row for a subject in sketches and each column for a volunteer (Table II) . A binary counting method was used: 1 for a hit (correct match), and 0 for a loss (incorrect match). The total number of hits along a row or a column was calculated and used to compute two recognition rates: 
where H row is the number of hits along a row (the number of correct matches by all volunteers with respect to a sketch), H col is the number of hits along a column (the number of correct matches by a volunteer for all sketches), N is the number of volunteers and M is the number of sketches involved in a test. In other words, R s represents the recognition rate of a sketch averaged over all volunteers, and R v represents the recognition rate of a volunteer averaged over all sketches. In this study, R v was mainly used to analyze the performance variation of volunteers, while R s was used to characterize the subjects in sketches. For example, which face portrayed in sketches was more recognizable than the others? In the analysis of secondguess, only the cells that correspond to a second-guess mark in the answer sheet were used in the calculation. Similarly, only the cells that correspond to actual multi-matches in the answer sheet were counted for the subsequent multi-match analysis.
Because of the nature of the study, we assessed human performance using statistical inference methods that have been widely accepted in experimental psychology, including ANOVA and post hoc tests. In this way, our results can be compared to that of similar studies. 
V. RESULTS AND DISCUSSIONS
A. Baseline Performance Three issues were addressed in the baseline analysis: (i) Does the sketch recognition rate change significantly from one artist to another? If so, which artist had a better or worse performance? (ii) Does the number of sketches used in a test have a systematic impact on recognition rate? (iii) Which group of faces in sketches is more recognizable?
The statistics of the recognition rate (R v ) were given in Tables III and IV (the results of the first session were reported separately because its answer sheet had 50 sketches). The mean recognition rates of five artists were plotted in Figure 3 . Artist-4 had the highest recognition rates, followed by Artist-2 and Artist-5. As expected, the rates of using 50 sketches were lower than that of using 25 sketches. But the relative performances of five artists remained the same.
Two one-way ANOVAs were conducted, with artist as the categorical factor and R v as the dependent variable. The first ANOVA used the data of the first session (61 volunteers, 50 sketches From the above data, it can be concluded that the sketches of Artist-1 are most challenging, while the sketches of Artis-4 are of the highest quality. The fact that Artist-4 was an Art Professor and all other artists were students implies that experience and training probably play an important role in constructing a reliable face sketch. Choosing an appropriate number of sketches in a test is critical to reveal the true cognitive capability of participants, because it is related to the fatigue effect that could undermine the internal validity of a psychological experiment [23] . As the number of sketches increases, participants' performance could drop quickly due to the loss of concentration and interest. On the other hand, if a very small number of sketches were used, the recognition rates could be so high that suppress the cognitive diversity of participants. In Figure 4 , we plotted the R s values of two test designs (25 sketches versus 50 sketches). The good correlation between the two designs (r=0.84, p<0.01) and their balanced recognition rates (Table III and Table IV) suggest that using 20-50 sketches is a reasonable choice. For a test of a larger scale with a tight time constraint, 10-15 sketches may be considered so that participants can finish the test in less than 10 minutes.
A recent study of computer generated composites found that facial distinctiveness is an important factor in target naming [18] . This is in agreement with our daily life experience as well as neurobiological findings that certain neurons are more responsive to a particular facial part or feature [24] . It is therefore strongly desirable to devise a rating system that can quantify the distinctiveness of a face sketch. Such a system should take into account the performance measures of a large number of human evaluators and multiple algorithms. For this purpose, we ranked all subjects appeared in sketches based on their recognition rates (R s ) averaged over five artists, and showed a few of them in Figure 5 (six from the top ten and six from the bottom ten).
The highly recognized faces had several characteristics: (i) In older age groups (two subjects > 40 years old, one subject > 60 years old); (ii) Having either mustaches or hair; (iii) Minority ethnic groups (one Asian female, one African American male); (iv) Having facial expressions. It is not surprising that human vision is more responsive to those salient visual stimuli. For example, it has been found that smiling faces are better for recognition [25] . On the other hand, the less recognized faces converged to the "average face" that is typified as young, clean, and of neutral expression. The high similarity among those faces also lead to the large number of multiple matches to be discussed in the next section.
B. Multi-Match
In a forensic investigation, eyewitnesses or victims may be asked to positively identify a culprit from a group of possible suspects, in the form of either mug-shots or face composites. Studies have shown that the procedures of line-ups and eyewitness interview could lead to a false identification because of the large uncertainties caused by several factors, including the distinctiveness and typicality of a suspect's face [26, 3] . A similar problem occurred in sketch recognition tests when volunteers found that a sketch looks like multiple photos or vice versa. It is essential to know how multi-match affects the human performance. More importantly, multi-match could be a useful measure of facial distinctiveness that can be harnessed in developing better recognition algorithms or face composite systems.
Two types of multi-match were allowed: "One sketch to multiple photos" and "One photo to multiple sketches". Since less than 2% of volunteers did the first type of multi-match, we focused on the second type. The statistics of multi-match were given in Table V . The multi-match ratio is defined as the percentage of volunteers who did multi-match to a particular sketch. The mean recognition rates (R v ) were plotted in Figure  6 . As expected, volunteers who did multi-match had lower recognition rates than those who did not. Since the baseline data consists of all volunteers, its performance lies in between. It is interesting to find that only 8% volunteers hesitated on the sketches of Artitist-4, much less than that of other artists. This was likely attributed to the higher quality of sketches by Artist-4 as had been demonstrated in the baseline analysis. Figure 4 : The correlation of recognition rates (Rs) between the test of using 25 sketches and the test of using 50 sketches. We also conducted a two-way ANOVA. The R v values of 345 volunteers from the second and third sessions were subjected to a 5x2 factorial ANOVA with artist and multimatch as between subject factors. Levene test indicated no violation of homogeneity of variance assumption: F (9, 335) Figure 6 .
The multi-match ratios averaged over five artists were plotted against the mean recognition rates (R s ) in Figure 7 . It appeared that the multi-match ratio was correlated with the recognition rate (r=0.79 p=0.01). We also ranked faces based on their multi-match ratios and then showed a few representative ones in Figure 8 (picked from the top ten and the bottom ten). The six faces that received the fewest multi-match hits were also highly recognized in baseline case ( Figure 5) , with a slightly different order. The faces of higher multi-match ratios also correspond well to the least recognized faces. This suggests that the multi-match ratio could be an important parameter of measuring facial distinctiveness. C. Second-Guessing Second-guessing is an intensively studied topic in social and behavioral psychology. Research evidence showed that second-guessing was actually beneficial to people who changed their test answers (first instinct fallacy), because a complex thinking process was involved [4, 5] . In sketch recognition tests, we want to know whether second-guessing had a positive or negative impact on participants' recognition rates.
The recognition rates of volunteers who did and did not second-guess their initial choices were given in Table VI Apparently, second-guessing did not help nor hurt volunteers' overall performance. One possible explanation is that only a small percentage of sketches were second-guessed. The second-guess ratios (Table VI) were much lower than the multi-match ratios (Table V) . The lack of correlation between the second-guess ratio and the multi-match ratio also implies that the thinking processes involved in multi-matching and second-guessing are probably independent of each other. Figure 9 : The least and most second-guessed faces as measured by their second-guess ratios averaged over five artists. All sketches were drawn by Artist 3.
Unlike in the multi-match case (Figure 7) , no correlation was observed between the second-guess ratio and the recognition rate (R s ). We also ranked subjects based on their second-guess ratios ( Figure 9 ) and found that the least secondguessed faces matched well with the highly recognized faces in baseline analysis ( Figure 5) . However, the faces that received the most second-guess hits are quite different from the least recognized faces. As a result, the second-guess ratio may still be considered in facial distinctiveness calculation, but probably only for the less second-guessed faces.
VI. SUMMARY
We have presented a sketch recognition study involving a large number of human participants and hundreds of sketches of different drawing styles. Although the analysis was done primarily from a psychological perspective, the findings have strong implications to algorithm based face recognition, biometrics and pattern recognition in general. We summarized the major findings below:
• The sketch quality had a significant effect on human recognition rate. The effect has been observed in all ANOVA results, regardless of the data being analyzed (baseline, multi-match and second-guess). It is apparent that the artist factor (or composite system factor) has to be taken into account when designing a similar sketch recognition test, especially those under a more forensically realistic condition.
• Some faces were consistently ranked as highly recognizable, whether the ranking were based on recognition rate, multi-match ratio or second-guess ratio.
The high consistency suggests that those faces possess unique features that can be explored in quantifying facial distinctiveness. The recognition rate, multi-match ratio and second-guess ratio are potentially important parameters to be considered in an objective rating system of facial distinctiveness.
• More sketches were multi-matched than being secondguessed. The multi-match ratio appeared to be correlated with the recognition rate, whereas second-guessing did not alter human performance significantly.
• Test results of using 25 sketches and 50 sketches were consistent, suggesting that 25-50 is a reasonable number of sketches to be used in future investigations with a similar experimental protocol.
Our future work will also study the individual facial distinctiveness and their quantitative measurements using 3D sketch model morphing and topographic feature distributions in order to quantify facial distinctiveness to a set of facial model parameters. In addition, we will also investigate the facial distinctiveness from facial dynamics with various facial expressions so that a better computer-based recognition algorithm can be designed.
